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The actin-activated Mg2+-ATPase activity of fila- 
mentous Acanthamoeba myosin I1 is regulated by the 
state of phosphorylation of three sites at the C terminus 
of each heavy chain. This phosphorylation at the tip of 
the tails  of monomers in a bipolar filament abolishes 
the activity of sites some 90 nm distant in the globular 
heads. Previous studies with copolymeric filaments of 
phosphorylated and dephosphorylated monomers 
strongly indicated that the activity of each monomer 
in a filament is dependent on the level of phosphoryl- 
ation of neighboring monomers in the filament. We 
report here electric birefringence measurements show- 
ing that, although the overall structures of phosphoryl- 
ated and dephosphorylated filaments are  very  similar, 
large, Mg2+ concentration-dependent differences in in- 
ternal motion and flexibility  are observed. Filaments 
of  dephosphorylated myosin I1 appear  to  be  about 50- 
fold stiffer than filaments of phosphorylated myosin I1 
at 4 mM Mg2+. These results  are consistent with a  model 
in which the stiffness of the putative hinge region 
within the rod-like tail of each monomer is determined 
by the phosphorylation state of the C-terminal tails of 
overlapping, neighboring monomers. The flexibility of 
the filaments appears to  be directly related to their 
actin-activated Mg2+-ATPase activity. 

Myosin TI of Acantharnoeba castellanii is a conventional 
myosin with a  pair of heavy chains of M, - 172,000 and two 
pairs of light chains of M, - 17,500 and - 17,000, respectively 
(1, 2). The -90,000-Da N-terminal end of each heavy chain 
forms a globular head that contains the ATPase  site  and the 
ATP-sensitive, actin-binding  site that regulates ATPase  ac- 
tivity (3, 4). The remaining -80,000 Da of each of the two 
heavy chains  interact to form a coiled-coil, a-helical rod (2, 
5 )  ending in a zg-residue, C-terminal non-helical tailpiece (5 ,  
6). From the amino acid sequence ( 5 ) ,  a  bend (hinge) in the 
helical rod is predicted about 36 nm from the  tip of the tail 
(or 40%  of the distance from the end of the rod to  the head/ 
rod junction),  and  the bend has been observed in electron 
microscopic  images of myosin I1 monomers (7). 

The non-helical tailpiece of each heavy chain  contains  3 
serine residues at positions 1489,  1494, and 1499  from the N 
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terminus  (in reverse order, residues 11, 16, and 21 from the  C 
terminus) that can be phosphorylated in uiuo (8, 9) and by a 
specific myosin I1 heavy chain kinase (5, 6, 10, 11) in vitro. 
The actin-activated MgZ"ATPase activity that is maximally 
expressed by filamentous, dephosphorylated myosin I1 is al- 
most totally  inactivated by phosphorylation of these sites (10, 
l l ) ,  whereas Ca2+-ATPase activity (10, 11) and  the ability of 
the myosin to bind  F-actin (12) are unaffected and minimally 
affected, respectively. Phosphorylation of Ser-1489 is suffi- 
cient to inactivate filamentous myosin II from which the 2 
other phosphorylatable serine residues have been removed by 
limited proteolysis (13). 

The actin-activated Mg2"ATPase activity of Acantham- 
oeba myosin 11 is maximally expressed in solutions containing 
4-10 mM Mg+. Under these conditions, both active, dephos- 
phorylated myosin I1 and inactive, phosphorylated myosin I1 
are filamentous (7, 14), and only filamentous myosin I1 has 
been identified in  the amoebae by immunoelectron micros- 
copy (15). Thus,  it is necessary to consider a mechanism by 
which phosphorylation of sites at  the  tip of the tails of 
monomers within a bipolar filament can regulate the  actin- 
activated Me-ATPase activity at sites approximately 90 nm 
away in the globular heads without affecting the Ca2+-ATPase 
activity and only minimally affecting the  apparent affinity 
for F-actin at  the same or neighboring sites. 

A number of experimental results strongly suggest that  the 
actin-activated Mg2"ATPase activity of each myosin I1 mol- 
ecule in  a  filament is regulated by the level of phosphorylation 
of the filament as  a whole rather than by its own phosphoryl- 
ation  state. For example, dephosphorylated myosin I1 is in- 
hibited when  copolymerized with phosphorylated myosin I1 
(14) and phosphorylated myosin 11 is activated when  copoly- 
merized with N-ethylmaleimide-inactivated dephosphoryl- 
ated myosin I1 (16). More specifically, dephosphorylated my- 
osin I1 is inactivated when  copolymerized with a phosphoryl- 
ated -28-kDa tail peptide derived from the C-terminal tail of 
myosin I1 by cleavage in the hinge region and phosphorylated 
myosin I1 is activated when  copolymerized with the dephos- 
phorylated tail peptide (17). 

To approach the problem of myosin I1 filament structure, 
Wijmenga et al. (18) first studied the structure of monomers 
and parallel dimers by electric birefringence utilizing as  a 
model system myosin I1 that been rendered incapable of 
forming filaments by chymotryptic removal of the C-terminal 
66 amino acids (6, 7). They concluded that monomers in 
solution had on average an 110" bend at  the hinge region, 
whereas at least one of the monomers in  the dimer was 
straight while the  other could be bent at  an angle between 
110" and 140". From these  data  and from the stagger of the 
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monomers in the parallel dimer (18) and  the structure of 
bipolar filaments of myosin I1 deduced by Pollard (19) from 
electron microscopic  images, Atkinson and  Korn (20) pro- 
posed a filament model in which the hinge region of each 
monomer was adjacent to  the phosphorylation sites of other 
monomers. As the non-helical tailpiece contains 5 arginine 
and 2 glutamic acid residues, the  state of phosphorylation of 
the 3 serine residues would have a significant effect on the 
net charge at  the C-terminal  end of the rod. Thus,  it was 
suggested (20) that changes in the average state of phos- 
phorylation of the monomeric subunits could affect the con- 
formation of the hinge region of other monomers in  the 
filament and,  as  a consequence, possibly the way in which the 
globular heads at  the N-terminal  ends of the rods were pre- 
sented to  the actin  filament, which might, in turn, regulate 
the actin-activated Mg2"ATPase activity. 

We have now applied the electric birefringence technique 
to  the study of filamentous Acanthamoeba myosin 11. In 
addition to  the overall rotation of filaments,  internal motions 
within the filament are also observed. We find that dephos- 
phorylated and phosphorylated myosin I1 are qualitatively 
similar structures  but with an apparently large difference in 
internal flexibility in response to  the electric field; filaments 
of dephosphorylated myosin seem to be about 50-fold more 
rigid under the experimental conditions. These results are 
consistent with a model in which the electric field perturbs  a 
spring-like motion due to  the flexing of the long HMM'-like 
arm at  the hinge region, the flexibility of which  is determined 
by the average state of phosphorylation of the overlapping C- 
terminal  tails. The greater rigidity of filaments of dephospho- 
rylated myosin I1 is,  then, presumably directly related to their 
substantially higher actin-activated Mg+-ATPase activity. 

MATERIALS AND METHODS 

Myosin Preparations-Acanthamoeba myosin I1 was isolated (9) 
and dephosphorylated by potato acid phosphatase (8) as described. 
One portion of the dephosphorylated myosin I1 was phosphorylated 
with myosin I1 heavy chain kinase (10) using [Y-~'P]ATP.  The 
dephosphorylated and phosphorylated myosins I1 were separated 
from acid phosphatase and heavy chain kinase, respectively, by  gel 
filtration on Sepharose CL-4B equilibrated and eluted with 10 mM 
imidazole, pH 7.5, 0.6 M KCl, 1 mM EDTA, and 1 mM dithiothreitol 
(14).  Fractions with Ca'+-ATPase activity were  pooled and dialyzed 
against 10 mM imidazole, 7.0, 0.1 M KCl, 10% sucrose, 1 mM dithio- 
threitol,  concentrated  against solid sucrose to a  concentration of 
about 3 mg/ml, and stored on ice. The  extent of heavy chain phos- 
phorylation was quantified as described by Ganguly et al. (17). Rou- 
tinely, the incorporation was 3-5  mol  of phosphate/mol of myosin 11. 
Chymotrypsin-treated myosin I1 was prepared as described by C6t6 
et al. (6). 

All  myosin preparations were also characterized by their actin- 
activated Me-ATPase activity, which was determined as  the differ- 
ence in the rate of release of 32Pi from [Y-~'P]ATP (21) when 80 nM 
myosin I1 filaments were incubated in the presence and absence of 
15 pM rabbit skeletal muscle F-actin (22) at 30 "C in a buffer con- 
taining 10 mM imidazole, pH 7.0,  0.1 mM CaC12, 1 mM ATP, and 
either 4-5 mM MgC12 for dephosphorylated myosin I1 or 10 mM MgC12 
for phosphorylated myosin I1 (12). Only samples of dephosphorylated 
myosin that were maximally active and phosphorylated myosin that 
were maximally inactive were used. 

Myosin I1 samples for electric birefringence measurements were 
exhaustively dialyzed against 2.5 mM imidazole, pH 7.0, 5 mM KCl, 1 
mM dithiothreitol, and 50% sucrose. Final  protein  concentrations 
were  1.4-1.5  mg/ml. After adjusting on ice to 1 mM imidazole, 1 mM 
KC1, 0.5 mM dithiothreitol, 5% sucrose, and between 30 and 140  pg/ 
ml protein, MgClz  was added in aliquots (4-8, depending on the 
desired final M e  concentration) with mixing. Especially at M e  
concentrations greater than 2 mM, direct addition of MgClz in 1 
aliquot occasionally resulted in  slight visible turbidity that cleared 

The abbreviations used are: HMM, heavy meromyosin; LMM, 
light meromyosin. 

only slowly and these samples often showed  very  slowly relaxing 
components in the birefringence experiments. 

Electric Birefringence-The principles and practice of transient 
electric birefringence have been reviewed by Charney (23). The ap- 
paratus used in the experiments described here has been described 
elsewhere (18). Briefly, the optical train consists of a 10-milliwatt 
helium-neon laser (Uniphase), two high quality polarizers, and  a X/4 
plate. The extinction coefficient of the system with crossed polarizers 
is routinely 1 X 1O"j. The light intensity detector is a high speed 
photodiode (EG&G HAD 1100A). The time constant of the photo- 
diode and associated amplifiers is about 0.1 pus, determined from the 
birefringence signal from water. A Cober model 606 high voltage 
generator applies square wave electric field pulses to  the sample. The 
optical signals are digitized and processed by a LeCroy transient 
recorder system controlled by an IBM PS/2 computer. 

The major experimental difficulty encountered in the electric bi- 
refringence studies of Acanthamoeba myosin  I1 filaments was that,  at 
the comparatively high M e  concentrations needed, the field 
strengths and pulse lengths necessary for significant orientation 
resulted in field-induced changes in the signal that accumulated with 
increasing signal averages. With extended pulsing or  very  high  field 
strengths (>5 kV/cm), the solutions became visibly turbid  and signal 
amplitudes varied greatly with very  slow and irreproducible kinetics. 
This limited the field strengths and pulse lengths that could be 
applied, the number of pulses that could  be averaged, and, therefore, 
the quality (signal to noise ratio) of the data. Applied pulse lengths 
of  120-150 ps were our compromise between amplitude and signal/ 
noise ratio. As  will be presented later, signal amplitudes showed low 
field, Kerr law behavior (linearly proportional to E, where E is the 
applied field strength)  and scaled linearly with myosin concentration. 
Within the constraints  on field strength and pulse length imposed by 
the system, myosin I1 filaments were  well behaved, with no evidence 
for field induced irreversible changes in structure during an experi- 
ment. 

Data Analysis and Calculations-Data manipulation and analysis 
were done using SigmaPlot 5.0 (Jandel Scientific Corp.) and  MathCad 
3.1 (Mathsoft  Inc.). Decay rates were also analyzed using the Fortran 
program Contin (24, 25). This software determines the best fitting 
spectrum of exponential relaxation times by an inverse Laplace 
transform of the data. The slow relaxation rates were determined 
directly from data spanning the time range 150 ps to 2.5  ms after the 
end of the pulse. For the same sample, exponential fits, semilog plot 
slopes, and Contin all gave the same relaxation time to within 10%. 
Extracted slow component relaxation times were the same for base- 
line values directly calculated from the  data  and for baseline values 
determined by fitting exponential decays. Fast relaxation rates were 
estimated  either by subtracting the slow component and integrating 
the area under the resulting normalized decay curve or by a two- 
peak-constrained Contin analysis. The methods agreed to within 
about 25% for the average fast component relaxation time. 

Rotational friction coefficients were calculated as described by 
Garcia de la  Torre and Bloomfield (26). Octameric myosin I1 fila- 
ments were constructed by tight packing of the monomer bead model 
described in Wijmenga et al. (18). The relative angular orientation of 
the globular heads and  the bend angle of the HMM-like regions with 
respect to  the long filament axis were varied. The  Fortran program 
uses a Gauss-Siedel iterative procedure for calculating frictional 
coefficients from self-consistent hydrodynamic interactions between 
beads. 

RESULTS 

Comparison of the  Electric  Birefringence Signals from  Mon- 
omeric and Filamentous  Myosin ZI-Birefringence signals ob- 
served for Acanthamoeba myosin I1 minifilaments are so 
fundamentally different from the myosin monomer and  par- 
allel dimer signals reported by us previously (18) that a 
comparison is necessarily instructive. Fig. 1 shows a typical 
electric birefringence signal from monomeric myosin I1 (chy- 
motrypsin-treated to prevent filament formation at low salt 
concentrations) at a  concentration of 35 pg/ml in 1 mM KC1, 
1 mM imidazole, pH 7.0, 0.5 mM dithiothreitol,  and  5%  su- 
crose. Since the coiled-coil a-helices of the rod-like tails  are 
expected to dominate the optical signal, the positive sign  of 
the birefringence indicates that monomers are orienting with 
their long axes parallel to  the applied field. 
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FIG. 1. The electric birefringence signal of monomeric 
Acanthamoeba myosin 11. Chymotrypsin-treated myosin at  35 pg/ 
ml in 1 mM KC], 1 mM imidazole, pH 7.0, 0.5 mM dithiothreitol, and 
5% sucrose was oriented in  a 1 kV/cm  field at 20 "C. The signal 
shown is the average of 32 pulses. The start of the square wave pulse 
is a t  0 ps and  the end at about 100 ps (indicated by the arrows). 
Signal amplitudes are normalized for protein  concentration and field 
strength. The solid line is the best fit to  the  data assuming only a 
permanent dipole and a  rotational relaxation time of 8.9 ps in 5% 
sucrose. Similar data have been published previously (18). 

The decay of the signal can be  well described by a single 
exponential with a time constant of 7.8 ps (corrected to water 
viscosity), in good agreement with the value of 8 ps reported 
by us previously (18). This relaxation time corresponds to 
rotational diffusion of monomers about their long axes. The 
rate of signal rise with applied field is much slower than  the 
decay rate  after  the field is removed. This is indicative of a 
permanent dipole mechanism of orientation. The solid line in 
Fig. 1 shows the best fit of the  data  to a classical permanent 
dipole mechanism (27) with no contribution from an induced 
dipole moment. 

The distribution of charged amino acids in the sequence 
reported by Hammer et al. (5) for Acanthamoeba myosin  I1 
predicts a  substantial  permanent dipole over the N-terminal 
1250 amino acids of the molecule (the globular heads and  the 
N-terminal 50 nm of the rod-like tails). Since the dipole 
magnitude cannot be separated from the intrinsic optical 
factor of the myosin rods at these field strengths, however, 
we cannot  quantitatively compare the permanent dipole un- 
derlying the orientation  in the birefringence experiment with 
the expected dipole from the amino acid sequence. 

Fig. 2 shows typical birefringence signals at 20 "C for fila- 
mentous phosphorylated myosin  I1 at 75 pg/ml, in 1 mM 
imidazole, pH 7.0, 1 mM KCl, 0.5 mM dithiothreitol, 5% 
sucrose, and 2 mM MgC12.  As discussed under "Materials and 
Methods," pulse lengths long enough for the filaments to 
reach a steady state  orientation also cause significant signal 
degradation after only a few pulses. The 120-ps pulse length 
data averaged over 16 pulses shown in Fig. 2a is  our compro- 
mise between signal amplitude and signal/noise ratio. A signal 
from a single 650-ps pulse is shown in Fig. 2b. 

At least two components can be observed in the filament 
signal. The dominating component at long times shows  neg- 
ative birefringence. At very early times, however, a positive 
birefringence component with much smaller amplitude is 
observed in  both the rise and  the decay. 

An important difference between the filament and mon- 
omer signals is that  the signs of the major components  are 
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FIG. 2. The electric birefringence signal of filamentous 

Acanthamoeba myosin 11. Phosphorylated myosin at 75  pg/ml in 
1 mM KCl, 1 mM imidazole, pH 7.0, 0.5 mM dithiothreitol, 2 mM 
MgC12, and 5% sucrose was oriented in a 2 kV/cm field at 20 "C. The 
signal shown in a is the average of 16 pulses. The start of the pulse 
is at 0 ps and  the end at about 120 ps (indicated by the arrows). 
Signal amplitudes are normalized for protein concentration and field 
strength. The sum of the fast, positive and slow, negative birefrin- 
gence components gives the maximum observed in the rise with 
amplitude Aa", and  the minimum seen in the decay with amplitude 
A h , .  The inset ( b )  shows the birefringence signal normalized for 
protein  concentration and field strength with a single 650-ps pulse at 
2 kV/cm. 

opposite. This change in sign of the birefringence indicates 
that  the long axis of the filament orients perpendicularly to 
the applied field. Furthermore, the rise rate of this slow 
component is not significantly slower than  the decay rate (see 
Fig. 2b), i.e. there is no large fixed permanent dipole that 
orients filaments. The permanent dipole contributions from 
the subunits will exactly cancel for centrosymmetric, bipolar 
structures. 

Analysis of Filament Relaxation Times-Semilog plots of 
the decay of the slow, major component of the electric bire- 
fringence signal for three  concentrations of myosin I1 fila- 
ments  are shown in Fig. 3. The relaxation of the negative 
birefringence signal is well described by a single exponential 
with a decay time, 7s10w, of 215 f 20 ps (corrected to water 
viscosity). Analysis of the  data by Contin (24, 25) shows a 
narrow distribution of relaxation times centered about 220 ps. 
The slow component relaxation times  are  not dependent on 
the applied field strength  (up  to about 4 kV/cm) or pulse 
length from 2 to 650 ps. There is no apparent dependence of 
the relaxation time on myosin concentration between 40 and 
140 pg/ml. As we shall discuss below, the observed relaxation 
time is consistent with rotational diffusion coefficients cal- 
culated for the minifilament structures determined by elec- 
tron microscopy. 

In addition to  the major, slow component, a positive bire- 
fringence component of smaller amplitude and much faster 
kinetics is apparent in the filament signal. This signal arises 
either from internal  filament motions or from the fast  rotation 
of myosin species other than filaments, e.g. unpolymerized 
monomers or partially assembled filaments. The decay kinet- 
ics of the fast, positive birefringence component are more 
difficult to extract, requiring either  subtracting the slow com- 
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FIG. 3. The slow component relaxation of filamentous phos- 

phorylated myosin I1 is single exponential with a decay time 
independent of protein concentration. Semilog plots of signal 
amplitude versus time for the birefringence decay of three concentra- 
tions of myosin (indicated in the figure) at 20 "C and in 1 mM KC1,l 
mM imidazole, pH 7.0, 0.5 mM dithiothreitol,  2 mM  MgC12, and  5% 
sucrose are shown. The applied field for all three was 2 kV/cm. 
Relaxation times  are proportional to  the inverse of the slopes. In  5% 
sucrose, the observed ~ . l ~ ~  = 245 & 25 / IS  or 215 ps corrected to water 
viscosity at 20 "C. 
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FIG. 4. The fast component relaxation is not well defined. 

A semilog plot of signal amplitude of the fast component decay uersus 
time is shown in a for filamentous phosphorylated myosin I1 at 20 "C 
and 100 pg  of protein/ml, in 1 mM KC1, 1 mM imidazole, pH 7.0, 0.5 
mM dithiothreitol, 2 mM MgC12, and  5% sucrose. The best fitting 
exponential decay  for the slow component a t  long times (Fig. 3) is 
subtracted from the early time data. Signal amplitude, normalized by 
the amplitude at t = 0, uersus time is shown in b. The area  under this 
curve defines the average, fast component rekaxation time, { rfeSt), and 
is 13.5 ps for the  data shown. 

ponent kinetics from the  total curve, using double exponential 
fits, or applying peak-constrained  Contin analyses. Fig. 4a 
shows a semilog plot of the fast component kinetics  after 
subtracting the slow component decay. The  substantial  cur- 
vature observed indicates that  the fast component does not 
have a well defined relaxation time. The average fast compo- 

nent relaxation time, ( T ~ ~ ~ ) ,  from integrating the area under 
a normalized stripped decay curve (Fig. 4b) is 13 & 2 ps. A 
two-peak-constrained Contin analysis without subtracting the 
slow component decay also shows a spectrum of decay rates 
ranging from about 5 to 50 ps, with an amplitude weight 
average relaxation time of 15 k 5 ps. A broad distribution of 
relaxation rates such as  this means either several different 
filament internal motions are  perturbed by the electric field 
or several distinct myosin species, with different rotational 
diffusion coefficients, are  present,  or both. 

Separate amplitudes for the fast  and slow components can 
be extracted by fitting  the slow decay kinetics to  a single 
exponential. Fig. 5 ( a  and b )  shows the field strength  and 
myosin concentration dependence values of the fast  and slow 
component amplitudes, respectively. Up to field strengths ( E )  
of about 3-4 kV/cm, the amplitudes of both vary as ,6?, 
consistent with low field, Kerr law behavior (the  orientation 
energy is small compared with thermal energy). In the range 
40-140 pg of protein/ml, the amplitudes of the two  compo- 
nents  are directly proportional to concentration. The ratio of 
fast to slow component amplitudes (Aafast/Aaslow) is constant 
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FIG. 5. The dependence of signal amplitude for separated 
fast and slow components on field  strength, E, and myosin I1 
concentration. The birefringence of filamentous phosphorylated 
myosin I1 was measured at 20 "C in 1 mM KCl, 1 mM imidazole, pH 
7.0, 0.5 mM dithiothreitol, 2 mM  MgC12, and 5% sucrose with a 120- 
ps pulse length. Total signal amplitudes were separated into fast and 
slow component contributions by fitting the slow component to a 
single exponential decay. In a, signal amplitudes for 75 pg/ml of 
myosin are shown as a function of @, illustrating limiting Kerr law 
behavior. In b, signal amplitudes at 2 kV/cm are seen to be linearly 
dependent on myosin concentration. In both panels, open circles (0) 
refer to  the fast component and closed circles (0) to  the slow. The 
error in determining  separated amplitudes is about lo%, estimated 
from three separate experiments. The dotted  lines are the best fitting 
straight lines that extrapolate to amplitude = 0 at E = 0 or at 
[myosin] = 0. 
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and equal to about 0.28 & 0.02, independent of field strength 
and myosin concentration. 

Differences between the rise and decay kinetics give infor- 
mation about the origin of the dipole moment. For low field 
strengths  (Kerr region), molecules with purely classical in- 
duced dipoles show symmetric rise and decay kinetics. At the 
other extreme, molecules with only a fixed permanent dipole 
show a lag in the rise kinetics that correlates with the  rota- 
tional kinetics of the molecule. The rise kinetics of the slow 
filament component alone can be extracted by varying the 
orienting pulse length and determining the amplitude of the 
slow component by fitting the decay to a single exponential. 
Fig. 6 shows the extracted rise kinetics for the slow and  fast 
components determined by this method. A distinct lag of 
about 10 ps is observed in the rise of the slow component. 
The time constant of the lag correlates with the average rise 
time of the  fast component. A much longer lag time of about 
80 ps would  be expected for a molecule with a fixed permanent 
dipole and 240-ps rotational relaxation time. The most 
straightforward interpretation of this lag and  its correlation 
with the fast component kinetics is  that  the orientation of 
the slow component is caused by a dipole induced by the fast 
motions. Szabo et  al. (28) have derived equations for rotational 
orientation coupled with "slow" (not  instantaneous) induced 
dipole kinetics. The solid line in Fig. 6 shows the best fit to 
the slow component data, with solution viscosity-corrected 
relaxation times of ~ + l ~  = 15 ps (the fitted  parameter)  and 
T , ~ ~ ~  = 220 ps (taken from experiment). The close correspond- 
ence of Tdipole with the average fast component kinetics (( T& - 13 ps) leads to  the conclusion that  the fast and slow 
components are coupled. Thus,  it appears that  at least some 
part of the observed fast  kinetics is due to  internal motions 
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FIG. 6. The birefringence rise kinetics  of separated fast and 
slow components. Signal amplitudes of separated  fast (0) and slow 

Filamentous phosphorylated myosin I1 at 75 pg/ml and 20 "C was 
(0) components are shown as a function of orienting pulse length. 

oriented with a 2 kV/cm field pulse in 1 mM KCl, 1 mM imidazole, 
pH 7.0, 0.5 mM dithiothreitol, 2 mM  MgC12, and 5% sucrose. Signal 
amplitudes are  extracted by fitting the slow component starting  at 75 
ps after the end of the pulse to a single exponential decay. Since 
many more pulses can be signal-averaged at these pulse lengths (the 
12-ps pulse data points, for example, are from the average of 128 
pulses), the error  in signal amplitude is about 0.5 mV independent of 
absolute amplitude. The solid line shows the best fit to  the slow 
component data of the equations given by Szabo et al. (28) for a slow 
induced dipole  coupled to  the rotation of a rod-like molecule. The 
parameters (for 5% sucrose viscosity) used are T,,~ = 250 ps and 7dipol. 

= 17 ps. 

within the filament  (and  not to other species) that result in a 
net dipole for filament orientation.  In  spite of this lag in the 
slow component rise, however, the amplitude difference be- 
tween the  start of the pulse and  the maximum amplitude in 
the rise (Aq i ,  in Fig. 2a) is small compared with the amplitude 
difference between the end of the pulse and  the decay mini- 
mum (Aadecey). The ratio, AG*~/AQ=~,,, is only about 0.18 f 
0.02. If only the slow component is affected by this coupling 
of kinetics, this  ratio would  be greater than 1.0. That  it is 
much less means the fast kinetics are also convoluted with 
the slow. 

Comparison of Filaments of Phosphorylated and Dephospho- 
rylated Myosin ZZ-With the foregoing analysis of the general 
features of the electric birefringence of filaments, we can now 
systematically evaluate the effects of myosin phosphorylation. 
Fig. 7 compares signals from dephosphorylated myosin  I1 
filaments with the curve given in  the previous section for 
phosphorylated myosin at 2 mM MgClz (with 1 mM  KC1, 1 
mM imidazole, pH 7.0,0.5 mM dithiothreitol,  and 5% sucrose). 
Aside  from the marked difference in amplitudes (about a 
factor of 4-5), the two signals are qualitatively very similar. 
Like phosphorylated filaments, the amplitudes of the fast  and 
slow components for dephosphorylated myosin filaments also 
are linearly proportional to myosin concentration  and show a 
limiting Kerr region Zi? field strength dependence (data  not 
shown). Over the number of pulses averaged and field 
strengths applied, there was no indication of signal degrada- 
tion. In spite of the large change in amplitude, the ratio of 
fast  and slow component amplitudes (Aa+JAa810w) for de- 
phosphorylated myosin filaments (0.32 & 0.06) is only slighter 
larger than for phosphorylated filaments (0.28 f 0.02). 

Semilog plots of the  the slow component decays from phos- 
phorylated and dephosphorylated myosin filaments in 2 mM 
Mg2+ are shown in Fig. 8a. Both  can be  well described by 
single exponential  relaxations with very similar relaxation 
times, ~ . l ~ ~  = 230 ps for filaments of dephosphorylated myosin 
and 215 ps for phosphorylated myosin (both corrected to 
water viscosity). Although the difference is within experimen- 

Dephosphorylated 

Phosphorylated 
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Time, p s  
FIG. 7. A comparison of birefringence signals of phos- 

phorylated and dephosphorylated myosin I1 filaments. Signal 
amplitudes versus time  are shown for a field strength of 2 kV/cm, at 
20 "C, in 1 mM KCl, 1 mM imidazole, pH 7.0,  0.5 mM dithiothreitol, 
2 mM MgCl,, and 5% sucrose. For both, the myosin concentration is 
75 pg/ml. The  start of the square wave field pulse is at time = 0. The 
pulse length is 120 ps for the phosphorylated myosin data (16 pulse 
average) and 150 ps for the dephosphorylated myosin data (32 pulse 
average). 



Acanthamoeba  Myosin I I  Filament Flexibility 4617 

'- l o o  1 .Phosphorylated 
01 

Dephosphory la t  

L 

T '  I l m e ,  p s  

0 10 20 3 0  40 50 60 

Re laxa t ion  t ime ,  p s  

FIG. 8. A comparison of the slow and fast component relax- 
ation  rates for phosphorylated and dephosphorylated myosin 
I1 filaments. a, semilog plots of signal amplitude uersus time are 
shown for the slow component decay data of Fig. 7. Both can be  well 
described by a single exponential decay with relaxation times  in 5% 
sucrose of 245 and 265 ps for phosphorylated and dephosphorylated 
myosin filaments, respectively. b, the spectrum of relaxation times 
characterizing the fast component was extracted from the decay data 
shown in Fig. 7 by a two-peak-constrained Contin analysis. No 
subtraction of the slow component decay is involved. The relative 
amplitude or probability of observing a  particular relaxation time 
(normalized such that  the peak is 1.0) is shown as a function of 
relaxation time. The average fast component relaxation times calcu- 
lated from the peak-constrained  Contin spectrum and from the area 
under the normalized fast component decay with the slow component 
decay subtracted are 15 and 13 ps for phosphorylated myosin I1 
filaments and 35 and 28 p s  for dephosphorylated filaments. 

tal  error  (about lo%), it was reproducible.  Given the  sensitiv- 
ity of rotational diffusion  coefficients to  long  axis  dimensions, 
this  small difference would reflect  only  very small differences 
in  structure.  Thus,  the basic structure of filaments  is  insen- 
sitive  to myosin phosphorylation. 

Although we cannot  determine  the  kinetics of the  fast 
component  with  as  much accuracy as for the slow component, 
there  are  significant  qualitative  changes  in  the  spectrum of 
fast  relaxation  times between phosphorylated  and  dephospho- 
rylated myosin filaments. Fig. 8b shows  a comparison of 
relaxation  time  spectra derived from  two-peak-constrained 
Contin  analyses of the  data  obtained  at 2 mM Mg2+. Both 
phosphorylated  and  dephosphorylated  filaments show  a rela- 
tively broad  spectrum of relaxation times. There  is, however, 
a significant  shift  in  the  distribution.  The average  decay rate 
for dephosphorylated myosin filaments is significantly  longer 
than for phosphorylated  filaments. The average fast compo- 
nent  relaxation  time, ( Tcast), is 28 f 8 ps for dephosphorylated 
myosin filaments,  compared  with  13 f 2 ps for phosphorylated 
filaments.  This difference can  be directly  observed in  the 
birefringence  curves. The  position of the  minimum  in  the 
decay is  determined  both by the relative amplitudes  and by 
the relative relaxation  times of the two components.  For 
dephosphorylated myosin, this  minimum occurs at  about 25 
-+ 6 ps after  the  end of the pulse compared  to  about 12 & 2 jts 

for phosphorylated  filaments.  Since  the  ratios of fast  to slow 
amplitudes  and  the slow relaxation  times  are  nearly  the  same 
for the two filaments,  this difference in position of the  mini- 
mum  in  the decay can only be  due  to a  difference in  fast 
component kinetics. There  is also  observed  a change  in  the 
ratio of the  amplitude at the rise maximum  to  the decay 
minimum  amplitude, Aarise/Aadecay. In  contrast  to  the observed 
ratio of 0.18 -+ 0.02 for phosphorylated myosin,  a  value of 0.4 
f 0.1 is seen for dephosphorylated  filaments. 

Fig. 9 shows the  amplitudes of the slow components for 
phosphorylated  and  dephosphorylated myosin filaments  as 
dependent  on M P  concentration. At 1 mM Mg2+, there is 
only about a 25% difference in slow component  amplitude for 
the two filaments. By 4 mM, however, there  is  about a 50-fold 
difference in  amplitude.  This  change  in relative amplitude is 
predominately  due  to a dramatic decrease in dephosphoryl- 
ated  filament  amplitude.  There  is a  relatively  small, 25% 
increase in  the slow component  amplitude for phosphorylated 
myosin  between 1 and 4 mM Mg2+.  Changes in  the  fast 
component  amplitude  are well correlated  with  the slow com- 
ponent.  The  ratio Aafast/Aaslow is fairly constant, 0.30 f 0.05, 
independent of Mg2+ and overall signal  amplitude for both 
phosphorylated  and  dephosphorylated  filaments. 

The  relaxation  time of the slow component is essentially 
constant for phosphorylated  filaments between 1 and 4 mM 
M$+, ranging from 210 ps a t  1 mM to  about 220 ps at 4 mM 
(with  about  10%  experimental  error).  Significant changes 
(>-30%) in  fast  component  kinetics  are  not observed (data 
not  shown). 

At 1 mM Mg2+, the slow relaxation  time for  dephosphoryl- 
ated  filaments is 215 ps. The average fast  component  relaxa- 
tion  time, ( Tcast), is  about 18 -C 5 ps. The  ratio of rise  maximum 
amplitude  to decay minimum, Aarise/Aadecay, is 0.25 k 0.03. 
Both  these  latter two parameters  are significantly smaller at  
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FIG. 9. A comparison of the dependence of slow component 
amplitudes on Mg2+ concentration for phosphorylated and 
dephosphorylated myosin I1 filaments. Slow component ampli- 
tudes  extracted from fitting long time decays to single exponentials 
uersus Mg2+ concentration  are shown for a 2 kV/cm  field strength 
and 1 2 0 - ~ s  pulse length at 20 "C and 75 pg protein/ml.  In addition to 
M$+, the buffer also contained 1 mM KCl, 1 mM imidazole, pH 7.0, 
0.5 mM dithiothreitol, and 5% sucrose. The open circles (0) indicate 
phosphorylated myosin and closed circles (0) dephosphorylated. Each 
point is the average of 2 experiments on a single myosin preparation. 
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1 mM M e  than  at 2 mM M P ,  and more  like those found 
for phosphorylated filaments. At 3 mM Mg+,  the kinetic 
parameters for filamentous, dephosphorylated myosin are  lit- 
tle different from 2 mM, with 7 . 1 ~ ~  = 230 +: 30 p s ,  (7fadt) = 31 
k 10 ps, and Auriw/Aukcay = 0.43 & 0.15. Since the signal 
amplitudes were so small, we cannot determine with accuracy 
either  the slow relaxation component or the fast  kinetics of 
dephosphorylated myosin filaments at 4 mM Mg+.  The ob- 
served slow relaxation at this  concentration, however, is con- 
sistent with an approximate 200-250"s decay time. 

Copolymeric Filaments-The actin-activated M$'-ATPase 
activity of mixed copolymers of phosphorylated and dephos- 
phorylated myosin  shows a  distinctive  nonlinear dependence 
on the fraction of phosphorylated myosin (14). The electric 
birefringence of copolymeric filaments shows a similar behav- 
ior. Fig. 10 shows the slow component amplitude at 3 mM 
M g +  as  a function of the fraction of phosphorylated myosin. 
Fast component amplitudes are well correlated with these 
slow relaxation amplitudes, with Aaf . .JA~~ow = 0.30 -+ 0.04 
for all data shown in Fig.  10.  Slow component amplitudes of 
copolymers are  not  a simple linear function of the fraction of 
phosphorylated myosin. At  any given fraction of phosphoryl- 
ated myosin, the slow component amplitude is greater than 
expected for a simple linear average. The solid line shows that 
a simple quadratic dependence of amplitude on the fraction 
of dephosphorylated monomer, however, can adequately de- 
scribe the curve. 

Fig. lla shows that  the slow component relaxation time is, 
within experimental error,  constant, independent of the frac- 
tion of phosphorylated myosin. Thus,  there is no apparent 
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FIG. 10. The dependence of  the  slow component amplitude 

of copolymeric filaments on the fraction of phosphorylated 
myosin 11. Copolymeric filaments are made by mixing phosphoryl- 
ated and dephosphorylated myosin in 5 mM KC], 2.5 mM imidazole, 
pH 7.0, 1 mM dithiothreitol, and 50% sucrose, then diluting to 1 mM 
KCl, 1 mM imidazole, 0.5 mM dithiothreitol, 3 mM  MgC12, and 5% 
sucrose with a final myosin concentration of 75 pg/ml. The field 
strength was 2 kV/cm with a 120-ps pulse. Slow component ampli- 
tudes were extracted by fitting decays to single exponentials. Each 
point is the average of two experiments  on  a single set of  myosin 
preparations. The two endpoints are  the average of five experiments. 
The dashed line is the expected result for a  linear dependence between 
A&IOw and fraction of phosphorylated myosin, whereas the solid line 
is the expected curve for the next higher order dependence, a  quadratic 
function, i.e. Aas~ow,eopo~y = 8(fd.,h0,)2 f 105(1 - ( fdephd' ) ,  where fdepho. 
is the fraction of dephosphorylated myosin. 
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FIG. 11. The dependence of relaxation  rate parameters of 

copolymeric filaments on the fraction of phosphorylated my- 
osin 11. Experimental conditions are the same as in Fig. 10. The 
variation of the slow component relaxation time, extracted from 
single exponential fits to  the decay, on the fraction of phosphorylated 
myosin is shown in a. The error is about 10%. In b, the dependence 
of the average fast component relaxation time, closed circles (O), and 
the ratio of the rise maximum to decay minimum, AGe/Aahay, open 
circles (0), on fraction of phosphorylated myosin is shown. The 
average fast component relaxation time, (7faat), was determined from 
area under the normalized decay curve after  subtracting the slow 
component exponential decay. The estimated  error is about 25%. The 
AQriw/Aadeeay was determined directly from the birefringence curves 
and has  an  error of about 10%. 

difference in overall structure  as seen by the rotational dif- 
fusion coefficient. Fig. llb shows the average fast component 
relaxation time, ( ~ ~ ~ 4 ,  and the ratio of the rise maximum 
amplitude to decay minimum, Akise/Aadecay, as functions of 
the fraction of phosphorylated myosin. Both  these  parameters 
show a significant dependence on the fraction of phosphoryl- 
ated monomer. As with signal amplitudes, this dependence is 
clearly nonlinear and is dominated by the fraction of phos- 
phorylated monomer. 

DISCUSSION 

The assembly of Acanthmoebu myosin I1 monomers into 
filamentous structures is sensitive to  the concentrations of 
KCl, pH, M e ,  and sucrose. In general, filament formation is 
favored by  low ionic strengths, added M$+, and very low 
sucrose concentrations.  With no added MgC12 and at sucrose 
concentrations of 1% and less, light scattering, sedimentation, 
and electron microscopy  (29, 30) show that a bipolar, octa- 
meric minifilament is the stable  structure at KC1 concentra- 
tions between 25 and 75 mM (in addition to about 10 mM 
imidazole). At higher KC1 concentrations, filaments depoly- 
merize, with essentially only monomers observed at about 200 
mM and higher. At  KC1 concentrations lower than optimal, 
intermediates in minifilament assembly are observed. With 
no added KC1, an equilibrium between tetrameric  and  octa- 
meric bipolar filaments  has been proposed (30). Added  M$+ 
promotes both the assembly of minifilaments and  the  lateral 
aggregation of these thin filaments into thick filaments (29). 

The insensitivity of the slow component relaxation time to 
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myosin concentration, field strength, applied pulse length, 
and Mg2" concentration, the  constant Aarise/Aadecay ratio  in- 
dependent of myosin and Mg2+ concentrations,  and the linear 
dependence of signal amplitudes on myosin concentration all 
indicate that intermediate species in the  thin filament assem- 
bly contribute negligibly to  the birefringence under the ex- 
perimental conditions reported here. Intermediate species are 
clearly apparent at M e  concentrations less than about 0.5 
mM in 5% sucrose and up to 2 mM M e  in 20% sucrose from 
changes in the slow relaxation time, from changes in the 
Aafast/Aaslow ratio of amplitudes, and from a  nonlinear de- 
pendence of signal amplitude on field strength.' 

Thick filament structure is not well defined. Electron mi- 
croscopy  shows structures with variable widths and  lengths 
that still appear to be bipolar. There is no indication, however, 
in the birefringence decay kinetics of a second, more  slowly 
relaxing component that would  be expected for thick filament 
formation. Thick filament formation is accompanied by  very 
large increases in light scattering  intensity  and  sedimentation 
coefficient. At 30 "C, -0 M KC1, 10 mM imidazole, pH 7.0, 
and  5% sucrose, Kuznicki et al. (14) reported a comparatively 
small increase in sedimentation coefficient between 1 and  5 
mM MgCl' for both phosphorylated and dephosphorylated 
myosin filaments. The observed sedimentation coefficient is 
consistent with estimates  for the octameric minifilament 
structure  (29). Between 5  and 7 mM MgC12, an approximately 
4-5-fold increase in sedimentation coefficient was observed 
for dephosphorylated myosin, indicating thick filament for- 
mation. Thick  filaments of phosphorylated myosin formed 
above 7 mM  MgC1'. Sinard and Pollard  (29) observed an 
approximately 30-fold increase in light scattering  intensity of 
dephosphorylated and phosphorylated myosin between 0 and 
5 mM MgC12 with no KC1, 8.5 mM imidazole, pH 7.0, and 
0.7% sucrose, indicative of a  transformation from thin  to 
thick filaments, but noted that higher concentrations of su- 
crose, as were used here and by Kuznicki et al. (14), favored 
thin filaments. A precise mapping of the  thin c-f thick filament 
equilibrium by light scattering or sedimentation  as dependent 
on myosin, MgC12, and sucrose concentrations  as well as 
temperature  has  not been reported. Although, in general, 
dephosphorylated myosin forms larger thick filaments 
(greater light scattering  and larger sedimentation coefficients) 
more readily, i.e. at lower M e  concentrations, than phos- 
phorylated myosin (14, 29), under the conditions used in the 
present experiments, i.e. 5% sucrose, pH 7.0, and 1-4 mM 
MgClz, only thin  filaments  are expected for both forms of 
myosin (14). The birefringence signals we observe are  then 
due only to minifilaments with little or no contribution from 
intermediate species or thick filaments. 

For a well defined structure,  the longest relaxation observed 
corresponds to rotational diffusion. Measured decay times  can 
be compared with calculated rotational diffusional coefficients 
for model structures.  Sinard et al. (30) have proposed a specific 
octamer model  for the Acanthamoeba myosin I1 minifilament 
based on electron microscopy. Their  structure incorporates a 
15-nm stagger between myosin heads and  has an overall 
length of about 230 nm with a  central bare zone of about 115 
nm between heads with opposite orientation  in the bipolar 
filament. In modeling this for rotational diffusion coefficient 
calculations, however, there  are  still several important  con- 
formational parameters  not accurately known. Calculated ro- 
tational relaxation times will depend, for example, on the 
angular orientation of the globular heads relative to each 
other  and  to  the long minifilament axis and on the rotational 
distribution of monomers about the long axis. Additionally, 

* M. Riehm and D. C .  Rau, unpublished observations. 

the amino acid sequence of Acanthamoeba myosin  I1 predicts 
a weakened a-helical  structure within the rodlike tail region 
between residues 381 and 406  of the tail, or about 36 nm from 
the C-terminal  end that could act like a hinge (5).  This region 
would then be analogous to  the junction between HMM and 
LMM in skeletal muscle myosin. The angle between these 
HMM-like regions and  the filament axis will significantly 
affect rotational diffusion coefficients. If  we assume a 90" 
angle between globular heads of a monomer, that heads are 
coplanar with the coiled a-helical  tails,  and that monomers 
alternate by 180" around the fiber axis, then relaxation times 
for rotation of the long axis can be calculated for different 
lengths of the octamer and for different angles between the 
HMM-like regions and  the filament axis. 

Fig. 12 shows calculated rotational relaxation times as  a 
function of octamer length for 10" and 20" angles between the 
HMM-like regions and  the filament axis. The observed av- 
erage 220-ps relaxation time corresponds to a 210-220-nm 
octamer length. This is some  5-10% shorter than estimated 
by Sinard et al. (30),  but  still within reasonable agreement. A 
central bare zone of about 95-105 nm would  be  more consist- 
ent with the observed decay time than  the 115-nm estimate 
of Sinard et al. (30). If the angle between globular heads is 
taken  as H O D ,  rather  than go", then calculated relaxation 
times  are about 15% smaller at each length than shown in 
Fig. 12, corresponding to  an apparent octamer length of about 
225-235 nm. Thus,  the structure observed by the slow com- 
ponent decay is consistent with the dimensions of the octamer 
minifilament measured by other means. 

We  do not know precisely what sort of motions within the 
minifilament contribute to  the fast component kinetics. The 
coupling of the rise rates, in particular, indicates that  the fast 
component creates  a  net dipole moment for the rotational 
orientation of the minifilament. From the amino acid se- 
quence (5),  there is a  strong  permanent dipole extending over 
the HMM-like region of the myosin  I1 monomer that will 
interact with an applied electric field. The cancellation of the 
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FIG. 12. The apparent filament length determined from ro- 
tational relaxation times. The dependence of the relaxation time 
on filament length for two bend angles (10" and 20") of the HMM- 
like regions with respect to  the long filament axis is shown. Rotational 
relaxation times  are calculated as described by Garcia de la Torre 
(26) for the octameric minifilament model  of Sinard et al. (30). Each 
monomer in the filament is modeled as a set of beads as described in 
Wijmenga et al. (181, with a 90" angle between heads. Filaments  are 
constructed from close packing of monomers that alternate by 180" 
around the filament. The dotted lines show the range of  slow com- 
ponent relaxation times observed, 210-230 ps. 
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monomer dipole contributions  in  a centrosymmetric, bipolar 
filament structure can be broken by several kinds of internal 
motions. There  are at least two potential  sites of flexibility 
for motion of the HMM-like region, the junction between the 
globular heads and  the rod-like tail  and  the junction between 
the HMM-like and LMM-like regions. Bending at  the head- 
tail  junction will probably result  in  a  net dipole. Bending or 
flexing of the whole HMM-like region at  the presumed hinge 
will certainly give a  net dipole. There  is no clear indication of 
the range or type of motions possible at these  junctions, as, 
for example, torsional flexing or angular bending that is 
unidirectional or free within a solid cone. These  internal 
flexing motions can in  addition be coupled with two other 
larger scale motions, a  spinning  rotation  about the filament 
long axis or an angular redistribution of monomers within the 
filament. The experimental observation that  the fast kinetics 
show a broad spectrum of relaxation times (Figs. 4 and 9) 
suggests there  are several different motions involved. 

Given this complexity of possible internal motions, there is 
no point in quantitatively  fitting the observed birefringence 
curves to detailed theories. Qualitative results derived for 
simple models,  however, can be compared with our experi- 
ments to gain insight into  the  important  features of filament 
motions. We consider a minimal model that incorporates a 
range of motions. The filament is modeled as  a centrosym- 
metric, bipolar tetramer  (the simplest centrosymmetric, bi- 
polar structure), with HMM-like regions fixed at 180" inter- 
vals around the filament, making an angle &, with the long 
axis. Bending or flexing, coplanar with the long filament axis, 
is assumed to occur at  the presumed hinge junction 36 nm 
from the  C  terminus.  This motion is then coupled to a 
spinning  rotation about the long axis and  to  the rotation of 
the long axis. A brief description of the model and final 
equations for the expected birefringence curves are given in 
the Appendix (31). Fig. 13 shows a comparison of our exper- 
imental  data  and  a  theoretical fit. Since we do not have 
detailed information about monomer dipole moment magni- 
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FIG. 13. Comparison of the observed birefringence  signal of 
filamentous myosin with a minimal theoretical model. The 
dotted curue shows the birefringence signal observed for phosphoryl- 
ated myosin filaments at 20 "C in 1 mM KCI, 1 mM imidazole, pH 
7.0, 0.5 mM dithiothreitol, 2 mM MgCI2, and 5% sucrose with a 120- 
p s  pulse length. The solid line is calculated from Equations 7-9 in 
the Appendix (31), with bo = 23", 7. = 220 ps, = 20 ps, and T~ = 10 
ps (all relaxation times are for water viscosities at 20 "C). Signal 
amplitudes of both curves are normalized to -1.0 a t  the end of the 
pulse. 

tudes and  intrinsic optical factors, amplitudes are simply 
normalized. The model makes several low level predictions. 
For small perturbations of the angle between the HMM-like 
regions and  the filament axis, the  net dipole induced by flexing 
will  be perpendicular to  the long axis (the birefringence of the 
filament will  be negative) for average angles, #o, less than 
35.3". For stiff springs (the bending force constant for HMM- 
like  region flexing is  large compared with thermal energy), 
the ratio of fast, positive and slow, negative component am- 
plitudes is only dependent on the average angle &. The 
experimentally observed ratio  can be fit by the model with a 
20-25" angle. Absolute signal amplitudes are inversely pro- 
portional  to the bending force constant. In  the limit of infi- 
nitely stiff, symmetrically arranged HMM-like regions, there 
is, of course, no birefringence signal. 

The kinetic parameters used in the theoretical fit shown in 
Fig. 13  are well constrained by experiment. The slowest 
relaxation time from rotation of the long axis, T~ of the 
appendix, is separately fixed by experiment. The spinning 
relaxation time, that corresponds to  the observed fast decay 
and Tf of the appendix, is fairly well determined by the time 
interval between the end of the pulse and  the minimum in 
the birefringence decay and  is 20 ps in  the fit. Predicted 
relaxation times for this  rotation  are very sensitive to  the 
average angle between the HMM-like regions and  the long 
filament axis  and to  the conformation and disposition of the 
globular heads. Calculated rotational diffusion coefficients of 
the structures used for the slow relaxation component indicate 
that relaxation times for this  spinning motion between 5  and 
100 ps would  be reasonable. The flexing motion kinetics of 
the HMM-like regions determine the ratio of the rise maxi- 
mum to decay minimum amplitudes, Auri,/Aud,,. The fit in 
Fig. 13 incorporates a bending relaxation time, T+ of the 
appendix, of 10 ps. Since the bending force constant is a 
fundamental factor in  this relaxation time, we cannot  estimate 
values from hydrodynamics only. As the bending force con- 
stant increases (the spring becomes stiffer), however, the 
flexing kinetics will  become faster  and the ratio of the rise 
maximum to decay minimum will increase. Large changes in 
the force constant, however, result in comparatively modest 
changes in the ratio of maximum to minimum amplitudes. 

Although this model is not  intended  as  a quantitatively 
exact treatment,  the qualitative features of the experimental 
data can be  well described. This  set of coupled motions does 
provide a framework for understanding  the changes in ampli- 
tudes and kinetics observed with myosin phosphorylation and 
M e  concentration. The relatively small changes in ampli- 
tude  and kinetics of the signal from phosphorylated myosin 
filaments as  a function of  Mg2+ concentration mean that 
neither the structure nor the flexibility of the filament is 
changing significantly. The large decrease in amplitude of 
dephosphorylated myosin minifilaments with added M P  can 
be interpreted  as  a  substantial stiffening of the assembly, i.e. 
the  spring  constant for flexing of the HMM-like region in- 
creases. The 50-fold difference in Auslow at 4 mM Mg?+  (Fig. 
9) between phosphorylated and dephosphorylated filaments 
would correspond to a 50-fold difference in spring  constant. 
In  the stiff spring limit, a change in bending force constant 
would not affect the ratio of fast  and slow component ampli- 
tudes, Aafast/Aaslow, as is observed. The absence of any change 
in  the slow relaxation time (rotation of the long axis) and in 
Aufaat/Aualow means that  the basic filament structure is un- 
changed. A significant decrease in flexibility would also ex- 
plain the observed increase in the  ratio of rise maximum to 
decay minimum amplitudes, from about 0.2 to 0.4. Within  the 
framework of the model, at least an order of magnitude 
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increase in  the  bending force constant would be necessary for 
this  change,  consistent  with  the  change  in slow component 
amplitudes.  In  fact, a ratio, Ak,,/Aad,,, of  0.4-0.5 is  the 
maximum  expected  for  infinitely  fast,  infinitely stiff  flexing 
motions  from  this model. One  shortcoming of the model is 
that  an increase in  the  fast  relaxation  time  with  increased 
stiffness is not predicted. This simplified  model,  however, can 
qualitatively  explain  many  features of the observed birefrin- 
gence curves. 

The actin-activated  M$+-ATPase  activity of assembled 
Acanthamoeba myosin I1 is sensitively dependent  on  C-ter- 
minal  serine  phosphorylation (14,  16,  17). Filaments com- 
posed of both  phosphorylated  and  dephosphorylated mono- 
mers  do  not show enzymatic  activities  that  are  simple  linear 
averages of the two extremes.  Phosphorylated  monomers  have 
a much  greater effect on  ATPase  activity  than  expected  from 
their  fraction  in  the  filaments.  Qualitatively,  much  the  same 
sort of behavior is observed  for the  apparent  internal flexibil- 
ity (birefringence amplitudes  and  fast  component  kinetics) of 
copolymeric minifilaments. The almost  constant  ratio of fast 
and slow component  amplitudes, Aafest/Aaslow, and  the  insen- 
sitivity of the  relaxation  time of the slow component  to  the 
fraction of phosphorylated  monomer  indicate  that  the overall 
filament  structure is unchanged.  Those  experimental  param- 
eters we find  connected  with  internal flexibility, Aaelow, ( 7faat), 

and Aarise/Aa~ecsy, however, all show  a similar  nonlinear  de- 
pendence  on  fraction  phosphorylated monomer. Phosphoryl- 
ation  has a much  larger effect on  the  apparent flexibility than 
would be  anticipated  from a linear dependence. The observed 
variation of slow component  amplitudes is better described 
by a quadratic dependence. 

Our previous  electric  birefringence results (18)  for  mono- 
mers  and  parallel  dimers suggested that  an overlap of the 
phosphorylatable  C-terminal region of one  monomer  with  the 
junction region between the  HMM-like  and  LMM-like do- 
mains of a  second  myosin monomer is perhaps  an  important 
feature of filament  structure. As already  mentioned,  this 
junction  is a region of predicted weakened a-helical  structure 
(5). Myosin monomers  appear  bent at  this region in  electron 
micrographs (7), an  observation  consistent  with electric bi- 
refringence results (18). The average bend  angle was esti- 
mated  as 110" from  the  rotational  relaxation  time of mono- 
mers. The  results  here  indicating a substantial difference in 
internal flexibility  between phosphorylated  and  dephospho- 
rylated  filaments could be  explained,  then, if the  junction 
flexibility of one myosin monomer  is  regulated by the over- 
lapping  C-terminal region of another. Overlap of a junction 
with a dephosphorylated,  C-terminal region would stiffen  the 
junction  with  increased M e ,  while a phosphorylated region 
would have little effect on  junction flexibility (up  to 4 mM 
MgC12). The model presented by Atkinson  and  Korn (20) 
based on  an overlap  between the  junction  and  C-terminal 
regions further suggests  a mechanism for  a nonlinear  depend- 
ence of flexibility on  the  fraction of phosphorylated myosin 
in copolymeric filaments. If the model is  recast  as  an  octamer, 
rather  than  the  hexadecamer given by Atkinson  and  Korn 
( Z O ) ,  then  out of the  eight  junction regions,  four  could be 
involved in a potentially  tight coupling of two junctions  with 
two C-terminal regions. If the  stiffening of both  junctions 
requires that  both  C-terminal regions are  dephosphorylated, 
then a quadratic  dependence of flexibility on  fraction  dephos- 
phorylated myosin is expected. 

There  are  striking  similarities between the electric birefrin- 
gence data  and  the  actin-activated M$+-ATPase activities 
for dephosphorylated  and  phosphorylated myosin 11. As men- 

tioned,  the  greater  than  linear  response of the  ATPase  activity 
to  the  fraction of phosphorylated monomer in copolymers of 
dephosphorylated  and  phosphorylated molecules is paralleled 
by the  disproportional  response of all of the electric birefrin- 
gence parameters  that  are  associated  with  internal flexibility. 
In  addition,  it may be more than  coincidental  that  the  optimal 
M e  concentration for actin-activated  ATPase  activity of 
dephosphorylated myosin 11, 4 m M  (14),  is  the  concentration 
a t  which the  amplitude of the major, slow birefringent com- 
ponent  approaches zero, or  maximal rigidity. 

I t  is reasonable, therefore,  to infer a direct  causal  relation- 
ship between the difference in flexibility of the  HMM-like 
arms of dephosphorylated  and  phosphorylated myosin I1 fil- 
aments  and  their  different  actin-activated M$+-ATPase ac- 
tivities.  Possibly, the flexible HMM-like  arms of the  phos- 
phorylated  filaments  are  unable  to undergo the mechanical 
events  that  are normally  associated with  the hydrolysis of 
ATP by  actomyosin. This would inhibit  ATP hydrolysis if 
the  catalytic  and  mechanical cycles were tightly  and neces- 
sarily coupled. Consistent with this model is  the  fact  that 
both  phosphorylated  and  dephosphorylated  monomers of 
Acantharnoeba myosin I1 have  full actin-activated Mg2"ATP- 
ase  activity  (32).  The effects of phosphorylation  are, however, 
more  complex  because neither  phosphorylated  monomers  nor 
phosphorylated  filaments  are  active  in  an i n  vitro motility 
assay (32) and  both  are more  rapidly  proteolyzed than  their 
dephosphorylated  counterparts by endoproteinase Arg-C at 
Arg-638 in  the globular head (33). Whatever  the  mechanism, 
however, the influence of the  conformation of the myosin rod 
on  actin-activated M$'-ATPase is unlikely to be unique to 
Acanthamoeba myosin 11. 
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